Abstract This paper presents the effects of double pulse resistance spot welding (RSW) on the microstructural evolution, elemental distribution and mechanical properties of a 3 rd generation 1 GPa advanced high strength steel (AHSS). In order to investigate the effect of double pulsing, the steel was exposed to single and various double pulse RSW schedules. The first current pulse was applied to create the weld nugget, while the second current pulse generated a secondary weld nugget and annealed or (partial) re-melted the primary weld nugget, depending on the magnitude of the current. The effect of the second current pulse on the weld nugget and heat-affected zone characteristics was investigated using optical microscopy and electron probe microanalysis (EPMA). Optical and electron microscopy revealed that the secondary weld nugget is fully martensitic, showing a typical solidification microstructure, while the annealed zone reveals an equi-axed martensitic structure. EPMA results showed that elemental segregation has been considerably reduced in the annealed zone. Mechanical properties of the welds show that the AHSS studied is prone to weld metal failure for single pulse RSW. However, the double pulse RSW method can lead to significantly improved mechanical performance and favourable failure modes.
Introduction
The demand for the development of lighter, safer, greener and more cost-effective vehicles leads to continued development of advanced high strength steels (AHSSs) that meet functional requirements on strength and formability that allow weight reduction and provide good crashworthiness for automotive applications. In these steels, the required properties are achieved by means of multi-phase microstructures [1] .
Resistance spot welding (RSW) is by far the most widely used joining method in the automotive industry due to the high operating speeds, low costs, the reliability of the process and the suitability for automation [2] [3] [4] . However, the thermal-mechanical cycle during resistance spot welding destroys the carefully designed multi-phase microstructure. The resulting weld microstructure is both chemically and mechanically heterogeneous. The high alloying content of third-generation AHSSs limit their weldability and unfavourable modes of weld failure are frequently observed [5] . The presence of a relatively high percentage of alloying elements in combination with the high cooling rates of the welding process leads to the formation of a martensitic microstructure that influences the mechanical properties of the welds. Alloying elements like silicon, manganese and phosphorous tend to segregate to the grain boundaries during solidification [6, 7] . Furthermore, the formation of nonmetallic and complex inclusions is reported in the fusion zone of welded AHSSs [8] [9] [10] . Apart from the martensite, the segregation of the alloying elements and inclusions are factors that considerably influence the mechanical performance of the welds.
Post pulsing is considered one of the most effective ways in order to modify the microstructure and improve the mechanical properties of resistance spot welds [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Hernandez et al. [15] have studied the effect of second pulse current in the resistance spot-welded TRIP steels on the microstructure and its relation to the mechanical properties of the material. Van der Aa et al. [14] reported a post pulsing welding scheme for the resistance spot welding of 3 rd generation AHSSs, with a significant improvement in the mechanical properties.
In this paper, a systematic study on double pulse welding is reported for a 3 rd generation 1 GPa AHSS to monitor the effect of the second pulse current level on the microstructure, elemental distribution and mechanical properties of the welds. Improved welding schemes with double pulsing are derived.
Experimental procedure
A 3 rd generation 1 GPa AHSS with a thickness of 1.3 mm was used in this study. The steel was received in a cold-rolled and galvanised condition (surface density of 50 g m
−2
). Material characteristics and composition conform to the VDA chemistry for 590Y980T-DH in the recently drafted VDA specifications and are listed in Table 1 . The initial microstructure of the steel is shown in Fig. 1 .
For resistance spot welding, chisel and cross tension strength (CTS) samples (Fig. 2a, b) were cut from the asreceived steel plates. Resistance spot welding was carried out on a SchlattesTM 50-Hz A/C spot welding machine using F1 16 × 5.5 electrodes with a holding force of 4 kN, as described in the VDEh SEP1220-2 standard [21] . Welding parameters to construct the weld growth curve are mentioned in Table 2 . I min is the weld current needed to produce a 4.25√ t weld nugget diameter, where t is the sheet thickness and I max is the highest current amplitude before splashing occurs. The welding parameters used to produce welds for microstructural characterisation, elemental analyses, hardness and mechanical measurements are shown in Table 3 . Sequence 1 is a single pulse resistance spot weld. Apart from the standard single pulse weld scheme, several double pulse weld schemes were applied, with a systematic variation of the second pulse current level. Sequence 2 is a double pulse resistance spot weld with the second pulse current about 8% lower than the first pulse current. In sequence 3, two equal pulse currents in double pulse resistance spot welding were used. Sequence 4 is produced using a second pulse current about 11% higher than the first one. The cool time of 40 ms is chosen to allow the weld edge to remain austenitic between two pulses and obtain more equi-axed prior austenite grains. This specific time is selected with regard to the prior SORPAS simulations of temperature-time profiles at the weld edge [22] . From a practical point of view, extending the total thermal cycle time is not preferred. The welding schemes are indicated schematically in Fig. 3a, b .
The weld growth analysis was carried out for the single pulse welding scheme using chisel test specimens. The failure modes of these welds were investigated by optical microscopy and visual inspection. The weld nugget size and plug diameter were measured to obtain the weld growth curves and plug ratios, respectively. The plug ratio (ratio of plug diameter to weld nugget size) was calculated to analyse the partial plug failures.
For optical microscopy analysis, the sheets were cross-sectioned, polished and etched with 4% Nital solution for 5 s. To reveal dendrites and prior austenite grain boundaries at the weld nugget and HAZ of the welds, an etchant consisting of 1% aqueous solution of sodium dodecylbenzenesulfonate and Quantitative elemental distributions at the weld edges of resistance spot welds were determined by electron probe microanalysis (EPMA). The measurements were performed with a Cameca SX100 microprobe, using an electron beam with an energy of 15 keV and a beam current of 100 nA, employing wavelength dispersive spectroscopy (WDS). The composition at each analysis location was determined using the X-ray intensities of the constituent elements after background correction relative to the corresponding intensities of reference materials. The intensities were processed with a phirho-z matrix correction program from Cameca. Analyses were made on 200 × 200 μm 2 areas near the weld edges with a step size of 1 μm and a counting time of 1 s per point.
Mechanical properties of the welds were evaluated by standard CTS tests (Fig. 2b) [21]. The CTS tests were repeated three times for each welding sequence. Load-displacement curves, average maximum force and elongation at the maximum load were recorded for the samples during testing. The weld nugget size and plug diameter were also measured for CTS samples with a calliper. Vickers microhardness measurements with a load of 500 g and a dwell time of 10 s were performed.
Results

Weld growth curves
The weld growth curves for the 3 rd generation 1 GPa AHSS obtained from experimental investigation are plotted in Fig. 4 . The weld nugget sizes range from 5.0 to 6.6 mm. Splashing occurs at current levels above 7.5 kA. In this study, the primary welding currents of 6.2 kA were selected. This current leads to a weld nugget diameter of 5.2 mm.
Microstructural characterisation
A schematic representation of a cross section of a double pulse weld is shown in Fig. 5 . During the first pulse, the primary weld nugget is produced. The second pulse results in a remelted zone inside the primary weld nugget, forming a secondary weld nugget.
Cross section macrographs of the single and double pulse resistance spot welded 3 rd generation 1 GPa AHSS are shown in Fig. 6 . The weld nugget diameters obtained from metallographic investigation are shown in Table 4 . It should be noted that the exact location of cross sectioning affects the measured weld nugget size obtained by metallographic analysis. In all the samples, the fusion zone, heat-affected zone and base material can be distinguished. The weld nugget of the single pulse weld (sequence 1 in Table 3 ) contains a typical columnar solidification structure (Fig. 6a) . Within the primary weld nugget, a secondary nugget can be observed when sequences 2 or 3 is employed. The secondary weld nugget diameter of sequence 3 is larger than sequence 2 (Table 4) . If the second pulse current level is further increased, the diameter of secondary weld nugget is larger than the first one (Fig. 6d) .
The secondary weld nugget shows a martensitic solidification structure (Fig. 7a) . The annealed zones in sequences 2 and 3 also show martensite. However, the martensitic structure in this area is equi-axed (Fig. 7b) . Detailed images of the dendrites and equi-axed grains are shown in Fig. 8 . Dendrites with a typical solidification grain orientation at the weld nugget of a resistance spot weld are shown in Fig. 8a and are depicted with higher magnification in Fig. 8b . The annealed zone of a double pulse weld reveals prior austenite grains with an equiaxed grain structure (Fig. 8c, d ). The existence of dendrites in some equi-axed grains at the interface of the secondary weld nugget and the annealed zone indicates partial re-melting during the second current pulse (Fig. 8d ).
Elemental distribution
The measured elemental distribution for manganese, silicon and phosphorus at the weld edges of the primary weld nugget is shown in Figs. 9, 10 and 11, respectively. The solidification structure is obvious for sequences 1 and 4 and the strong Fig. 12 and Table 5 , respectively. The quantitative results of the line scans (Table 5) show that the lowest segregation of the elements is related to sequence 3, which was welded with two equal pulse currents.
Mechanical properties
The microhardness profiles of the 3 rd generation 1 GPa AHSS welds subjected to different welding schemes are shown in Fig. 13 . The average weld nugget microhardness of sequence 1 is about 500 HV 500g . For double pulse spot welds, different pulse currents do not significantly influence the hardness of the welds.
The cross tension strengths for the single and double pulse welds are shown in Fig. 14 and the measured properties are provided in Table 6 . The double pulse welds show higher force and displacement in comparison with the single pulse weld. The double pulse weld, which is welded with two equal pulses (sequence 3), shows the highest force and displacement. The measured weld nugget sizes show that the sequences 1 to 3 have similar weld nugget diameters. However, sequence 4 has a larger weld nugget size due to the high current in the second weld pulse (Table 6 ). Even with the wider weld nugget and HAZ widths after sequence 4, the (Fig. 14) . The addition of the second current pulse leads to an increase in the bearing force and displacement of the welds.
Discussion
In the preceding sections, the microstructural evolution, elemental distribution and the mechanical properties of 3 rd generation 1 GPa AHSS subjected to single and double pulse RSW have been reported.
Microstructural characterisation
During conventional RSW, a weld nugget is formed, the size of which depends on the welding current applied (Fig. 4) . The single pulse weld (sequence 1) shows typical martensitic solidification structure inside the weld nugget due to the high cooling rate during RSW. As schematically shown in Fig. 5 , the welds subjected to double pulse RSW show two distinct weld nuggets. The primary weld nugget is generated during the first pulse and the secondary weld nugget is a re-melted zone inside the primary weld nugget as a result of second pulse current. The secondary weld nugget shows dendritic structure similar to single pulse weld (sequence 1). The zone between the primary and secondary weld nuggets is annealed and differs in size and microstructure for different welds according to the magnitude of the second pulse current (Fig. 6) . The annealed zone consists of martensitic microstructure with equi-axed grains (Figs. 7 and 8 ). Previous study [22] showed that during second pulse welding, solid-state phase transformation (austenitisation) occurs at the weld edge of the sequences 2 and 3 welds. In case of sequence 4, second pulse welding re-melts the primary weld nugget and creates a nugget larger than the primary weld. The replacement of the dendritic structure at the weld edge of the sequences 2 and 3 with equi-axed grains (prior austenite grains) as a result of double pulse welding could be one of the important effects of pulse welding on the microstructure.
Elemental distribution
The elemental partitioning at the weld edge is one of the most important factors in defining the mechanical properties of the resistance spot welds [23] . The EPMA measurements show strong segregation of alloying elements such as manganese, silicon and phosphorus at the weld edge of the sequence 1 (single pulse weld). The elemental segregation has taken place at the dendritic boundaries (Fig. 9a, 10a and 11a) . The results of the elemental plots and line scans reveal that elemental partitioning has been considerably reduced in sequences 2 and 3 ( Fig. 9b, c, 10b ,c and 11b, c). The homogenisation of alloying elements is the result of annealing of the weld edge during the second current pulse. In sequence 2, the second current pulse has annealed the weld edge and austenite grain growth took place and as a result homogenisation of manganese, silicon and phosphorus occurs. In case of sequence 3, which is welded with two equal pulse currents, the weld edge undergoes the maximum annealing during the second pulse current. The higher current pulse in sequence 3 in comparison with sequence 2 results in a larger grain growth during second current pulse and shows the highest homogenisation of detrimental elements such as phosphorous. The elemental distribution at the weld edge of sequence 4 is similar to sequence 1 (single pulse weld) and shows a dendritic structure that confirms the re-melting of the weld edge during the second pulse current for this weld.
Mechanical properties
During cross tension strength testing, the crack initiates from the weld edge and the microstructure and elemental distribution of this area is of crucial importance. The double pulse RSW improves the cross tension strength of the 3 rd generation 1 GPa AHSS welds (Fig. 14) . The homogenisation of the alloying elements such as phosphorous during the second pulse occurs in the so-called annealed zone and results in improved mechanical performance of the double pulse resistance spot welds. The weld subjected to equal pulses (sequence 3) shows the highest cross tension strength.
A higher second pulse current amplitude compared with the first pulse in sequence 4 leads to the formation of a larger secondary weld nugget than sequence 3. The complete primary weld has been re-melted and shows a cast structure, similar to a single pulse weld. The higher cross tension strength of the sequence 4 compared with the sequence 1 is attributed to the larger weld nugget of the double pulse weld ( Table 6 ).
The load-displacement curves show some fluctuations that can be attributed to crack initiation, pop-ins and crack arrest phenomena [24] .
A schematic representation of the failure modes for sequences 1-4 is shown in Fig. 15 . The failure mode of sequence 3 is a favourable full plug failure (Table 6) , which is a significant improvement in the properties of 3 rd generation 1 GPa AHSS welds.
As weld nugget size is not affected by the secondary current pulses, which are lower than or equal to the primary current amplitude (Tables 4 and 6 ), the improvement in mechanical properties can be attributed to the microstructural changes and improved homogeneity of alloying elements at the weld edge. 
Conclusions
In this research, the effects of a second current pulse during RSW on the microstructure, elemental distribution and mechanical properties of the 3 rd generation 1 GPa AHSS have been investigated. The following conclusions are derived from the investigation;
1.
A second pulse on the 3 rd generation 1 GPa AHSS welds studied leads to the formation of a secondary weld nugget and anneals the weld edge. The secondary weld nugget shows dendritic structure with a typical solidification grain orientation of a resistance spot weld, while the annealed zone shows equi-axed grains of martensite. 2. A single pulse resistance spot weld shows a typical cast microstructure and low cross tension strength. A lower second pulse current than the first pulse anneals the primary weld nugget at the weld edge and homogenises the alloying elements and as a result improves the cross tension strength. Double pulse welding with equal pulses results in maximum annealing of the primary weld nugget edge, without re-melting the weld edge; therefore, the highest homogenisation of the alloying elements and increase in cross tension strength is obtained for this weld. Higher second pulse current amplitude compared with the first pulse produces a larger weld nugget than the single pulse weld with a similar cast structure and as a result the cross tension strength and displacement is comparable and slightly higher than the single pulse weld. 3. A welding schedule with two equal amplitude pulses induces favourable full plug failure mode for the 3 rd generation 1 GPa AHSS.
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